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Popular summary 

Sugar from food is necessary for cell growth in the human body, however, when too 
much sugar is ingested, it will be converted to fat and stored in the fat cells. After 
exercising or fasting, the fat is broken down into fatty acids and glycerol, which is 
called lipolysis. The sugar uptake into fat cells is controlled by sugar transporters, 
while upon lipolysis glycerol is exported by glycerol channels (Fig. 1). If sugar 
transporters do not take up the sugar, it will stay in the blood stream and lead to 
diabetic symptoms. On the other hand, if the glycerol channels lose their functions, 
the fat is accumulated in fat cells and may lead to obesity. The sugar transporters 
and the glycerol channels are membrane proteins, which can be visualized as gates 
to control uptake and release of nutrients. All cells in human body are parcelled by 
cell membrane like a shell (Fig. 1). The membrane not only protects cells from the 
outside environment, but also accommodates a lot of proteins performing many 
functions important for cell growth and surviving. These proteins are called 
membrane proteins, and they function, sometimes, by coupling to other proteins, a 
behaviour called proteins interactions. We aim to study how sugar transporters and 
glycerol channels look like by microscopic technique, to learns more about their 
function, and how they are coupled with their interaction partners, to facilitate 
deeper understanding of diseases like diabetes and obesity. 

Moreover, cancer cells acquire more sugar transporters to take up sugar from the 
blood to grow. Here, we have analysed inhibitors which can inhibit sugar to enter 
cells by blocking the transporters (Fig.1). As a result, cancer cells became more 
sensitive to standard chemotherapy, and thus these inhibitors are promising 
candidate to be applied in the clinic to prevent cancer development. 
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Figure 1. Schematic representation of the transport of sugar and glycerol in fat cells and the inhibition of sugar supply 
in cancer cells. Created with BioRender.com. 
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Abstract 

Adipocytes are crucial energy reservoirs to maintain metabolic homeostasis of 
glucose and lipids in the human body. Glucose transporters (GLUTs) and 
aquaporins (AQPs) play an important role in metabolic regulation of glucose and 
lipids in human adipocytes. Specifically, glucose transporter 4 (GLUT4) and 
aquaporin 7 (AQP7) are the central players for glucose transport and glycerol efflux 
in adipocytes. In addition, GLUT family members are overexpressed in a vast 
majority of cancer cells to satisfy their increased energy demand, thus, inhibitors 
targeting GLUTs are becoming relevant therapeutics for cancers treatment. To 
control the uptake/release of nutrients, GLUTs and AQPs have been suggested to 
be controlled by trafficking mechanisms. TUG (tether containing UBX domain for 
GLUT4 in mouse) and PLIN1 (human perilipin 1) have previously been suggested 
to bind with GLUT4 and AQP7 intracellularly and release them upon hormonal 
stimulation. Here, the mRNA expression levels of GLUTs and AQPs in adipose 
tissue has been investigated, and detailed characterization of the interaction between 
GLUT4 and ASPL (human TUG homolog) and AQP7 and PLIN1 in vitro have been 
executed. In addition, a new series of glucose transporter 1 (GLUT1) inhibitors was 
structurally and functionally investigated. Finally, the AQP7 structure was 
elucidated by single particle cryo-EM. 

In this thesis I suggest that GLUT4 interacts with ASPL using its intracellular helical 
domain to bind to the C-terminus of ASPL. Rat GLUT4 was expressed in Pichia 
pastoris, and purified, and showing even single-particle distribution in negative 
staining, providing insight on further structural study of GLUT4 by single particle 
cryo-EM. Docking models of the complex of GLUT4 and ASPL were generated 
and suggest that ASPL forms complex with GLUT4 by multiple domains including 
both ubiquitin-like domain (UBL2) and ubiquitin domain (UBX). In addition, 
PGL13 and PGL14, as new series of GLUT1 inhibitors were suggested to utilize 
two sites of GLUT1, the transmembrane domain and intracellular helical domain. 
Moreover, in human adipocytes AQP7 gene showed markedly higher-level 
expression than other aquaglyceroporins. The C-terminal domain of PLIN1 was 
suggested to be central for the complex formation with AQP7 and AQP3. The AQP7 
structure was determined at the resolution of 2.55 Å by cryo-EM, adopting the 
formation of dimer of tetramers. Two tetramers were dimerized by extracellular 
protruding C loops with a rotation of approximate 11° around central axis. The 
central pore is formed by four monomers and restricted by two leucine filters. 
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Moreover, well-defined densities were discovered in the central pores showing 
decent fitting with some small metabolic products. 
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Energy metabolism and regulation in 
human adipocytes  

Adipose tissue plays important roles in maintaining carbohydrate and lipid 
homeostasis in the human body. The major fat depots in human consist of varying 
amounts of two different types of adipose tissue: white adipose tissue (WAT) that 
stores energy in the form of triacylglycerol (TAG), brown adipose tissue (BAT) that 
“burns” fatty acids to maintain body temperature. BAT is traditionally thought to be 
restricted to subcutaneous region of interscapular in new-borns and early childhood 
period, while in adults, BAT is primarily located in the cervical, axillary, and 
supraclavicular regions8. WAT is localized mainly in the abdominal and gluteal-
femoral subcutaneous region as well as visceral regions, making up approximately 
80 % of all adipose tissue in healthy subjects9,10 (Fig. 2). Approximately one third 
of all cells in adipose tissue are adipocytes, with the rest represented by endothelial 
cells, macrophages, stromal cells, immune cells, and fibroblast, etc10. Human white 
adipocytes are spherical unilocular cells with a diameter of 50 to 200 µm and own 
a crescent shaped nucleus in the periphery of the cells and a unique large lipid 
droplet that takes up ̴ 90 % of the cytoplasm11 (Fig. 2). 
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Figure 2. Schematic diagram of distribution and morphology of adipose tissue in the human body. White adipose tissue 
is mainly comprised of adipocytes, but also endothelial cells, macrophages, immune cells, and fibroblast. Created with 
BioRender.com. 

To study the structure of human adipocytes and define accurate subcellular 
localization of interest of proteins in adipocytes, human abdominal subcutaneous 
adipose tissue was isolated and prepared into ultrathin sections and imaged by 
transmission electron microscopy (TEM). In contrast to adipocytes visualized by 
confocal microscopy, the thin lipid monolayer separating lipid droplet and 
cytoplasm, organelles in the cytoplasm, plasma membrane, exocytotic vesicles 
lining on the plasma membrane and basal laminar can clearly be seen by applying 
TEM (Fig. 3) (Paper I). Thus, TEM is suggested to be effective tool to investigate 
subcellular localization of proteins in human adipocytes. 
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Figure 3. The microscopic visualization of human adipose tissue. The region highlighted by red box is zoomed in. LD, 
lipid droplet; C, capillary; LM, lipid monolayer; PM, plasma membrane; BL, basal laminar. V, vesicles in cytoplasm; EV, 
exocytotic vesicles. Scale bars, 20 µm (left) and 1 µm (right). 

Glucose and lipid metabolism in adipocytes is fundamentally crucial to supply 
energy to other tissues and cells and maintain whole-body energy homeostasis12. 
Glucose ingested from the blood is metabolized by the pathway of glycolysis in 
adipocytes. Glycolysis is initialized by glucose transport across cell membrane into 
adipocytes, mediated by glucose transporters (GLUTs) residing in the plasma 
membrane. The lipid, mainly referring to triacylglycerol (TAG) is synthesized by 
glycerol-3-phosphate (Gro3P) and fatty acids through lipogenic pathway, while 
TAG is hydrolysed into glycerol and fatty acid upon lipolytic signal after fasting or 
exercise13. The glycerol hydrolysed from TAG is effluxed from adipocytes by 
aquaporins (AQPs), a family of membrane channels. Specifically, GLUT4 is a 
member of GLUT family expressed exclusively in adipocytes and muscle cells, 
whereas AQP7 is an aquaporin showing most abundant expression in human 
adipose tissue. 

Glycolysis 
Carbohydrate mainly including glucose, fructose and galactose are the major source 
of energy in the human body, in which glucose is a central molecule in the 
carbohydrate metabolism14. Glucose is metabolized by glycolysis in human 
adipocytes and other cells (Fig. 4),  a biological process where glucose is converted  
into pyruvate following glucose uptake through cell membrane and glucose 
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phosphorylation, resulting in ATP production15. Simply described, glucose 
transported from the blood into cells is the initiating step for glycolysis, after which 
intracellular glucose is phosphorylated and converted into dihydroxyacetone-3-
phosphate (DHAP) and glyceraldehyde-3-phosphate (G3P) by the synthesis of 
intermediates, fructose-6-phosphate and fructose-1,6-biphosphate. A significant 
proportion of DHAP is reduced to Gro3P by the catalysis of Gro3P dehydrogenase 
(GPD1), while GA3P is finally utilized for the production of pyruvate via stepwise 
catalytic reactions. Eventually, the pyruvate forms acetyl coenzyme (Acetyl-CoA) 
in aerobic conditions in mitochondria and enters tricarboxylic acid cycle (TCA 
cycle, also known as citric acid or Krebs cycle). 

Figure 4. The simplified illustration of glycolysis pathway in human adipocyte. Created with BioRender.com. 
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Glucose transporters (GLUTs) in adipocytes 
Glucose is a hydrophilic molecule that can only pass through the hydrophobic lipid 
membrane of cells by GLUTs. GLUTs are encoded by solute carrier family 2A 
genes (SLC2A) and are members of major facilitator superfamily (MFS) and 
facilitate the glucose transport along concentration gradient. Fourteen GLUTs have 
been identified in humans, and they are categorized into 3 classes according to their 
sequence similarity: class 1 (GLUTs 1–4, 14); Class 2 (GLUTs 5, 7, 9, and 11); and 
Class 3 (GLUTs 6, 8, 10, 12, and 13)16, and show cell dependent distribution. 
Multiple GLUTs with different kinetics and regulatory properties are expressed in 
some cells and function in a coordinated manner to maintain homeostasis of glucose 
in physiological condition17. Herein, it’s elucidated by transcriptome sequencing 
with three samples from one patient that SLC2A1 (GLUT1), SLC2A3 (GLUT3), 
SLC2A4 (GLUT4), SLC2A5 (GLUT5), SLC2A6 (GLUT6) and SLC2A8 (GLUT8) 
genes are expressed in significant level in human adipose tissue (Table 1). GLUT1, 
GLUT3 and GLUT4 belonging to class 1 are well-characterized, particularly 
GLUT4 is known as insulin-regulated glucose transporter expressed exclusively in 
the adipose tissue and muscle18. 

Table 1. The normalized GLUTs gene expression values of transcriptome sequencing. 
Gene name Sample 1 Sample 2 Sample 3 

SLC2A1 84 67 61.4 

SLC2A2 0 0 0 

SLC2A3 7.9 7 6 

SLC2A4 13 12 11 

SLC2A5 100 96.5 94.5 

SLC2A6 20 15.7 3 

SLC2A7 0 0 0 

SLC2A8 6.2 4.4 4.2 

SLC2A9 1.7 2.2 1.4 

SLC2A10 1.4 1.5 1 

SLC2A11 2.8 2 0 

SLC2A12 0 0 0 

SLC2A13 2.7 2.2 0.8 

SLC2A14 0 0 0 
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GLUT1 
GLUT1, encoded by SLC2A1 gene and comprised of 492 amino acids with 
molecular weight of 55 kDa, is the second most abundant GLUT in adipose tissue 
(Table 1). GLUT1 shows ubiquitous distribution nearly on all types of cells and 
mediate basal glucose uptake. Particularly, 5-10 % of total proteins on the 
membrane of human erythrocytes are GLUT119. Additionally, it is also found in 
endothelial cells of blood-tissue barrier, indicating that GLUT1 has an important 
role in glucose supply to brain and other organs20. In insulin-sensitive cells, such as 
adipocytes and muscle cells, GLUT1 exists and mediates glucose uptake in 
association with GLUT421. Due to the extensive distribution, indispensable 
physiological function, and its association with tumour cells development, GLUT1 
has become a putative therapeutic target and prognostic indicator for cancer22. 

GLUT3 
GLUT3 is an isoform of GLUTs predominantly expressed in adult brain, in addition, 
it’s also distributed widely in human liver, kidney, placenta, and myocardium23,24, 
and small amounts in adipose tissue (Table 1). Human GLUT3 consists of 496 
residues and shares sequence identity of 64 % with GLUT1, and it has high affinity 
for glucose (Km ~1.5 mM)25. The ubiquitous distribution of GLUT3 in human 
tissues suggests that it is likely to be responsible for basal glucose transport together 
with GLUT1. GLUT1 is primarily responsible for glucose transport across the 
blood-brain barrier, while GLUT3 controls the uptake of glucose into neurons in 
brain26. GLUT1 and GLUT3 are overexpressed in tumours in which the demand of 
glucose increases dramatically because of the Warburg effect27, which suggests 
GLUT3 to also be a potential target in cancer therapy. Transcriptome sequencing in 
our study indicates that GLUT3 mRNA is expressed in human white adipose tissue, 
which correlates well with the data provided by Human Protein Atlas 
(https://www.proteinatlas.org/). 

GLUT4 
GLUT4, an exclusive insulin-sensitive glucose transporter, is expressed primarily 
in adipose tissue (Table 1) and muscles18. A unique characteristic of GLUT4 is the 
insulin mediated translocation between cytoplasm and plasma membrane in 
adipocytes during glycolysis or increased energy demand, known as GLUT4 
trafficking18. GLUT4 is primarily located at multiple intracellular compartments, 
such as trans-Golgi network (TGN), endosomes and GLUT4 storage vesicles 
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(GSV), and translocated and fused with plasma membrane by a complicated 
signaling pathway and trafficking machinery upon insulin stimulation, and thus 
mediating glucose uptake into cells2,18,28. GLUT4 is comprised of 509 amino acids, 
which presents the sequence identity of 64 % with GLUT1, and 56% with GLUT3, 
according to ClustalW. 

Lipogenesis 
Lipogenesis is a crucial process in the cell in which TAG is synthesized by glycerol 
(or glycerol-3-phosphate in adipocytes) and fatty acids (FAs). Most of lipogenesis 
takes place in hepatocytes, while TAG can be synthesized in adipocytes as main 
energy reserve from carbohydrate metabolism (Fig. 5A)6. Gro3P, either reduced 
from DHAP during glycolysis or produced from glyceroneogenesis during fasting 
or low carbohydrate intake, serves as a starting substrate29, and thus being located 
at the intersection of glucose and lipid metabolism. Fatty acids as the other substrate 
used in the lipogenesis mainly originate from ingested fat and de novo TAG 
synthesis in adipocytes30. TAG synthesized in hepatocytes and ingested from 
intestine are transported to the capillary of adipose tissue in the form of very low-
density lipoproteins (VLDLs) and chylomicrons (CM), respectively, in which they 
are hydrolysed by lipoprotein lipase (LPL) to release fatty acids6. Afterward, fatty 
acids are transported into adipocytes and esterified into acyl-CoA. Also, fatty acids 
utilized for lipogenesis are produced in the form of acyl-CoA from glucose via 
glycolysis in adipocytes (de novo TAG synthesis). Pyruvate is converted into citrate 
by TCA cycle in mitochondria during glycolysis, and then citrate is transported back 
to cytoplasm in which it is lysed into acetyl-CoA. Finally, acetyl-CoA as the basic 
backbone molecule is catalysed into fatty acyl-CoA by a series of enzymatic 
reactions. 

Lipolysis 
Lipolysis is a unique metabolic process occurring in adipocytes. Upon increased 
energy demands, such as after fasting or exercising, TAG is hydrolysed into glycerol 
and fatty acids, (Fig. 5B). The lipolysis pathway is catalysed by three main lipases: 
adipocyte triglyceride lipase (ATGL), hormone sensitive lipase (HSL) and 
monoacylglycerol lipase (MGL)7, and tightly regulated by adrenergic signal, such 
as catecholamine stimulation. These three lipases function jointly to hydrolyse TAG 
sequentially and release three FAs. FAs released from lipolysis can be re-esterified 
into TAGs, in addition to functioning as signal molecules31. Likewise, hydrolysed 
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glycerol can also be re-esterified to TAGs by firstly forming Gro3P catalysed by the 
glycerol kinase (GK)13,32. However, only low level of GK is expressed in human 
adipocytes, in particular white adipocytes (WAT)12, thereby ensuring that glycerol 
released from lipolysis is effluxed from adipocytes via aquaglyceroporins residing 
in the plasma membrane12,33. 

Figure 5. Simplified diagram of lipogenesis (A) and lipolysis (B) in human adipose tissue. With the uptake of excessive 
energy, TAG is synthesized by Gro3P and fatty acids in the form of fatty acyl CoA originating from glycolysis or ingested 
fat accumulated in capillary6. Upon increased energy demand, TAG is hydrolyzed into glycerol and free fatty acids by 
ATGL, HSL and MGL sequentially7. Created with BioRender.com. 

Aquaporins (AQPs) in adipocytes 
Aquaporins (AQPs) are membrane channels that facilitate the flux of small solutes, 
such as water and glycerol, etc., through cell plasma membrane to maintain osmotic 
balance and glycerol homeostasis. AQPs are usually divided into three groups: the 
orthodox aquaporins (water selective channels including AQP0, AQP1, AQP2, 
AQP4, AQP5, AQP6 and AQP8), aquaglyceroporin (AQP3, AQP7, AQP9 and 
AQP10, known as glycerol channels, also transport urea and arsenic trioxide) and 
the superaquaporins (AQP11 and AQP12) that may involve in water/glycerol 
transport of intracellular organelles34. AQP7 was the first identified glycerol channel 
in adipose tissue and controls glycerol efflux in adipocytes by trafficking from 
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cytoplasm to plasma membrane upon lipolysis signal35,36, and later, other 
aquaglyceroporins including AQP3, AQP9 and AQP10 were also suggested to be 
expressed in adipocytes37,38. This correlates with our data of transcriptome 
sequencing and RT-PCR, in which AQP7 showed significantly higher level of 
expression than other AQPs (Table 2 and Fig. 6) (Paper II). Interestingly, apart from 
aquaglyceroporins, AQP1 as an orthodox aquaporin shows significant expression at 
the mRNA level (Table 2 and Fig. 6) (Paper II). 

Table 2. The normalized AQPs gene expression values of transcriptome sequencing (Table 1 in Paper II). 
Genes name Sample 1 Sample 2 Sample 3 

AQP1 11 8.5 11 

AQP2 0 0 0 

AQP3 9 3.4 2.6 

AQP4 0 0 0 

AQP5 0 0 0 

AQP6 0 0 0 

AQP7 120 118 115 

AQP8 0 0 0 

AQP9 12 11 9 

AQP10 0 0 0 

AQP11 1 1 1 

AQP12 0 0 0 

Figure 6. Gene expression analysis of AQPs in human primary adipocytes from three patients. (A) RT-PCR of different 
AQPs. (B) Relative transcriptional level analysis of AQPs (Figure 1 in Paper II). 
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AQP1 
AQP1 was the first functionally identified member as water channel in AQP family 
in erythrocytes39. Later, AQP1 was also found in human apical and basolateral 
membranes of renal proximal tubules, ciliary body of the eye, the choroid plexus in 
the brain, microvascular structures of the respiratory system and the central nervous 
system40. To the best of our knowledge, AQP1 has not previously been identified in 
human white adipose tissue until our study (Paper II). Interestingly, previously 
hyperosmotic stress has been shown to suppress insulin signal in 3T3-L1 
adipocytes, resulting in insulin-resistance mediated by phosphorylation of IRS-1 
(insulin receptor substrate 1)41. Moreover, concentration-dependent upregulation of 
AQP1 expression has been suggested during hyperglycaemia in human aortic 
endothelial cells42. In addition, AQP1 has been shown to be relevant with 
hyperglycaemia-induced insulin resistance in endothelial cells43. Thus, we speculate 
that AQP1 may play a role to facilitate shuttling of water from adipocytes upon 
hyper-osmotic stress during hyperglycaemia (Paper II)44. In addition, AQP1 was 
suggested to be regulated by protein kinase C (PKC), relevant with phosphorylation 
of T157 at the intracellular loop and T239 at the C terminus45 (Fig. 7). 

AQP3 
AQP3 belonging to aquaglyceroporin group is a membrane channel facilitating the 
permeation of water and glycerol46. AQP3 is expressed abundantly in basolateral 
plasma membranes of multiple human epithelia and keratinocytes of epidermis in 
human skin47-50. Thus, AQP3 was suggested initially to be a major participant in 
water regulation in skin barrier and osmotic homeostasis in the human body49. In 
addition, AQP3 expression was detected in human visceral and subcutaneous 
adipose tissue (Paper II) and regulated by insulin and leptin, in which AQP3, in 
analog to AQP7, may facilitate glycerol efflux from adipose tissue51. However, the 
concrete function of AQP3 in adipose tissue has not been clarified yet. 

AQP7 
AQP7 is abundantly expressed in human adipose tissue where it facilitates glycerol 
efflux across the plasma membrane. Experimental evidence indicates that AQP7 is 
expressed in both adipocytes and in the capillary endothelial cells in white adipose 
tissue38. AQP7 is translocated from the cytoplasmic compartment to the plasma 
membrane to efflux glycerol in response to adrenergic signal during lipolysis35,38,51. 
AQP7 consists of 342 amino acids, and in contrast to other AQPs expressed in 
human adipocytes it has long cytoplasmic termini (Fig. 7) (Paper II). PKA-
phosphorylation sites (S10/T11) have been identified at N terminus of AQP7  
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(Fig. 7) (Paper II) and suggested to be important for regulating the AQP7 
translocation in adipocytes4. 

AQP9 
AQP9 was identified as a glycerol channel located on the plasma membrane of 
human and rat hepatocytes52-54. In addition to hepatocytes, AQP9 has also been 
reported to be expressed in human omental and subcutaneous adipocytes (Paper II), 
in which AQP9 expression on plasma membrane of human adipocytes was up 
regulated in response to insulin stimulation, adversely, downregulated upon leptin 
treatment, suggesting AQP9 might favour glycerol influx into adipocytes51. 
Interestingly, unlike AQP3 and AQP7 translocating from cytoplasmic 
compartments to plasma membrane in adipocytes upon hormone treatment, AQP9 
is expressed consistently on the plasma membrane51. AQP9 owns a PKC 
phosphorylation site, the serine at position of 11 (Fig.7), which was shown 
previously to be important for membrane localization of AQP955. 

AQP10 
AQP10 was firstly identified as water and glycerol channel in the human small 
intestine, presenting high sequence identity with other aquaglyceroporins56. 
Recently, AQP10 was identified and showed permeability for both water and 
glycerol in human white adipose tissue38. Interestingly, AQP10, analogously to 
AQP7, appears to translocate between the surface of lipid droplet and the plasma 
membrane of adipocytes upon isoproterenol stimulation, thus representing an 
alternative pathway for glycerol efflux through plasma membrane of adipocytes38. 
Later it was suggested by the structural analysis that AQP10-mediated glycerol 
efflux in adipose tissue is regulated by pH-dependent gating mechanism57. In 
contrast, the data of both transcriptome sequencing and RT-PCR in our study 
showed that AQP10 is not expressed at mRNA level or at much lower level than 
other AQPs in human subcutaneous adipose tissue (Paper II), suggesting the 
expression level of AQP10 could be varied within the population. 
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Figure 7. Topological representation and phosphorylation sites of AQPs expressed in human adipocytes. The termini 
of AQPs are marked as continuous circles while phosphorylation sites are highlighted as filled circles (Figure 2C in 
Paper II). 

Protein and protein interaction important for the 
regulation of GLUT4 and AQP7/3 trafficking 
Protein and protein interactions (PPIs) play a fundamental role in most biological 
processes in human body, including gene expression, protein localization, signal 
transduction, nutrient metabolism, and energy homeostasis, etc58. PPIs are also 
crucial in the regulation of membrane proteins, and thus affecting relevant metabolic 
pathways. Several proteins interacting with GLUTs and AQPs have been identified, 
including (but not limited to) GLUT4 and TUG (tether containing ubiquitin domain 
for GLUT4 in mouse)59, GLUT1 /GLUT4 /GLUT5 and TXNIP (thioredoxin-
binding protein)60,61, AQP7 and PLIN1 (perilipin 1)4, AQP0 and CaM 
(calmodulin)62, AQP2 and LIP5 (lysosomal trafficking regulator–interacting protein 
5)63, AQP5 and PIP (prolactin-inducible protein)64. The regulation of the trafficking
of GLUT4 and AQP7 are complicated biological processes in cells, here I will focus
on TUG and PLIN1, representing important regulating factors for GLUT4 and
AQP7, respectively.

ASPL 
ASPL encoded by alveolar soft part sarcoma chromosomal region candidate gene 1 
(ASPSCR1) with C terminal ubiquitin domain (UBX) is the human homolog of 
TUG65,66, where TUG is a tether containing ubiquitin domain for GLUT4 in 
mouse59. TUG has 75 % sequence identity with ASPL. So far, the structural 
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information of full-length ASPL is not known, however the C-terminal domain 
containing UBX has been determined by X-ray crystallography in complex with 
another protein (p97) (PDB ID: 5IFS)67. To generate a three-dimension model of 
full-length ASPL, AlphaFold was applied68, showing that ASPL has two N-terminal 
ubiquitin like (UBL) domains, in addition to the C-terminal UBX, while the 
remaining protein is likely to be unordered (Fig. 8) (Paper I). The UBX domain in 
ASPL exhibits canonical ubiquitin-like β grasp folding (β β α β β) (Fig. 8) (Paper 
I), possibly related with ubiquitination process or protein interaction65,67,69. 

Figure 8. Human ASPL structure predicted by AlphaFold (A) and schematic representation (B). The ASPL structure is 
shown as cartoon and colored by domains (Figures 1C-D in Paper I). 

Insulin-regulated GLUT4 trafficking is a complicated process involving multiple 
recycling steps and signalling pathways28. In 3T3-L1 cells (mouse adipose cell line), 
TUG sequesters GSVs intracellularly by utilizing its N-terminal ubiquitin domain 
to bind with intracellular domain of GLUT4 in the absence of insulin. Upon insulin 
stimulation, it is cleaved and thus releasing the GSVs to be translocated to plasma 
membrane to mediate glucose uptake1,59,70 (Fig. 9). However, if similar mechanism 
takes place in humans, is unknown. 
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Figure 9. TUG mediated GLUT4 trafficking in mouse adipose tissue (3T3-L1)1,2. In basal state, GLUT4 forms complex 
with TUG, sequestered on Golgi apparatus by Golgi 160. The complex of GLUT4 and TUG is broken by the proteolytic 
cleavage upon insulin stimulation, thus GLUT4 is released and translocated to plasma membrane to mediate glucose 
uptake. Created with BioRender.com. 

GLUT4 interaction with ASPL (Paper I) 
To resolve if ASPL can play a similar role in humans as TUG does in mouse, the 
interaction between GLUT4 and ASPL was studied applying a combination of 
biochemistry and biophysics (Fig. 10). Firstly, wild type GLUT4 showed to bind 
with ASPL in pull down assay (Fig. 10A). To clarify what parts of GLUT4 are 
contributing to the interaction, far dot western blot was applied and suggested that 
the C-terminal domain of ASPL binds with GLUT4 (Fig. 10B). By performing 
surface plasma resonance (SPR) and cross-linking mass spectrometry (XL-MS), we 
could show that GLUT4 can form a complex with ASPL utilizing its intracellular 
helical bundle (ICH) to bind the C terminus of ASPL (Figs. 10C-D). This indicates 
that ASPL may regulate GLUT4 trafficking in human in a similar manner as in 
rodents but using additional domains. 
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Figure 10. The interaction study in vitro of GLUT4 and ASPL. (A) Pull-down analysis. (B) Representative far dot western 
blot and quantification analysis. (C) The interaction analysis by surface plasma resonance (SPR). (D) Schematic 
diagram of crosslinking sites between ICHGLUT4 and ASPL-C (Paper I). 

Perilipin 1 (PLIN1) 
Perilipins (PLINs) are lipid droplet associated proteins and include mainly five 
members (PLIN1-5)71. PLIN1 is expressed exclusively on the outer surface of lipid 
droplet in adipocytes and consists of an N-terminal PAT domain, an amphipathic 
11-mer repeat, a central 4-helix bundle, and a unique long C-terminal domain (Fig.
11) (Paper II). The 11-mer repeat is conserved through all PLINs and has been
presented to be a key domain mediating lipid droplet targeting of PLIN172. In
addition to 11-mer repeat, the 4-helix bundle appears to be important for PLIN1
anchoring on the lipid droplet, while the C-terminal domain has been reported to
bind with ABDH5 (ATGL co-activator AB-hydrolase-containing 5), and thus
suppressing the activity of ATGL73.
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Figure 11. Schematic representation of PLIN1 (Figure. 3A in Paper II). 

It has been reported that PLIN1 serves as a crucial regulator in lipolysis by forming 
docking sites on the lipid droplet and interacting with HSL upon protein kinase A 
(PKA) mediated phosphorylation3,5,11 (Fig. 12). Additionally, PLIN1 is suggested to 
regulate the activity of ATGL by releasing ABHD5 upon PKA activation, and thus 
regulating lipolysis74 (Fig. 12). Interestingly, AQPs are known to be regulated via a 
protein-protein interaction network tightly associated with phosphorylation levels75. 
Specifically, PKA mediated phosphorylation releases AQP7 from PLIN1 by 
inhibiting the interaction, and thus likely facilitating AQP7 translocation to plasma 
membrane to mediate glycerol efflux4 (Fig. 12). The termini of AQP7 have been 
shown to be important for the interaction with PLIN14, however, which domains of 
PLIN1 contributing the interaction remains unclear. 
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Figure 12. Simplified diagram of lipolysis regulation mediated by PLIN1. In basal state, PLIN1 forms complex with AQP7 
and ABDH5, respectively, and HSL is separated from lipid droplet3,4. Upon PKA activation, PLIN1 releases ABDH5 and 
AQP7, thus activating ATGL and facilitating the trafficking of AQP7, respectively, and creates docking sites on the 
surface of lipid droplet for HSL3,5. Created with BioRender.com. 

AQP3 and AQP7 interacting with PLIN1 (Paper II) 
To find which domains of PLIN1 that are important for complex formation with 
AQP7, PLIN1 was subjected to hydrophobicity analysis using hydropathy scale. 
Clearly, the long C-terminal domain from residue 400 to 522 (PLIN1-C) presents 
hydrophilic characteristic, while the remaining parts of PLIN1 are hydrophobic, 
suggesting that the C-terminus may be exposed to the hydrophilic cytoplasm (Fig. 
13A). Thereby, PLIN1-C was produced heterologously in E.coli and its binding 
with AQP7 in vitro was confirmed by BN-PAGE (Fig. 13B). Furthermore, far dot 
western blot approach was applied to investigate potential complex formation 
between PLIN1 and other AQPs expressed in adipocytes. This suggested that AQP3 
also can form a complex with PLIN1-C, in addition to AQP7 (Fig. 13C). Previously 
it has been shown that PKA activation attenuates complex formation between AQP7 
and PLIN1 by phosphorylating N-terminus of AQP7, however, no PKA sites were 
identified in AQP3 (Fig. 7), indicating additional signalling pathways may control 
the property of AQP3, although AQP3 and AQP7 still may have partly redundant 
roles in adipocytes during lipolysis. 

 



36 

 

Figure 13. The interaction between PLIN1 and AQPs. (A) Hydrophobicity plot of PLIN1. (B) BN-PAGE of AQP7 and 
PLIN1-C in different molar ratios. (C) Representative far dot western blot and quantification with immobilized PLIN1-C 
protein, incubated with different AQPs lysate or GLUT4 lysate, respectively, Figures in Paper II. 
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Structural characteristics of GLUTs 
in human adipocytes 

GLUTs are membrane uniporters facilitating sugar transport down the concentration 
gradient. Transcriptome sequencing in my work suggested that GLUT1, GLUT3 
and GLUT4 are expressed at mRNA level in human adipose tissue. Specifically, 
GLUT4 is expressed exclusively in adipocytes and muscle cells and regulated by 
insulin. Herein, common structural folding of GLUTs was introduced according to 
structurally available GLUTs, and the study towards GLUT4 structure was initiated 
by producing recombinant protein of GLUT4 firstly, and complex model of GLUT4 
and ASPL was proposed based on the study of protein and protein interaction. 

Common structural features of human GLUTs 
Structural information of human GLUT1 and GLUT3 and rat/bovine GLUT5 has 
been revealed by X-ray crystallography, suggesting that GLUTs own considerably 
conserved structural characteristic, consisting of two pseudo-symmetrical six-
transmembrane helical domains at the N and C termini, connected by intracellular 
helical bundle (ICH)76-78 (Fig. 14). The ligand (glucose/fructose) is bound in the 
central cavity located at halfway of transporting pathway (Fig. 14A) and transported 
through GLUTs by alternating access mechanism76,77. The N-terminal domain keeps 
stable relatively in the transport cycle, while the C-terminal domains undergo 
conformational fine-tuning around shuttling pathway to achieve substrate binding 
and release. Based on the structures of GLUT1 and GLUT3 as well as the 
development in protein structure prediction program68, a computational GLUT4 
model was generated using AlphaFold (Fig. 14B) (Paper I). Generally, GLUT4 
exhibits the typical GLUT-fold with twelve transmembrane helices spanning the 
plasma membrane and intracellular helical domain (ICH), in addition, two cytosolic 
termini (N-term and C-term) that may be involved in GLUT4 trafficking26. 
Interestingly, the ICH domain in GLUT1 was suggested to serve as a door latch to 
coordinate the closure of intracellular gate and stabilize outward-facing 
conformation of GLUT1 by forming inner salt-bridge network and another salt-
bridge with transmembrane domains76. Although GLUT4 structure can be simulated 
computationally, structure determination of GLUT4 is urgent to shed light on 
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glucose transporting mechanism and insulin mediated regulation of GLUT4 
trafficking in human adipocytes. 

 

 

Figure 14. Structural characteristic of human GLUTs. (A) Human GLUT3 crystal structure (PDB ID: 4ZW9). N, C and 
ICH domains are marked by different colors. D-glucose is shown as sphere and central cavity is represented by gray 
shadow. (B) Human GLUT4 structure predicted by AlphaFold. The structure is shown as cartoon and colored by 
fragments. N-term and C-term represent cytoplasmic N and C termini, respectively (Adapted from Figure 1A in Paper 
I). 

Towards GLUT4 structure 
GLUT4 is a main glucose transporter in human adipocytes. To determine the 
structural information of GLUT4, recombinant protein was produced 
heterologously in Pichia pastoris and purified in the detergent. The AlphaFold 
model suggested that ICH is a cytoplasmic domain connecting two tandem 
transmembrane helical bundles (Fig. 14B) and has also been shown to bind to TUG 
involved in the regulation of GLUT4 trafficking in adipocytes59. As described 
above, ICH domain of GLUT4 was suggested to bind with ASPL-C. Here, the 
putative complex models of GLUT4 and ASPL were simulated by applying distance 
constrains below 33 Å on the domains of ICH and ASPL-C. 
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GLUT4 expression and purification 
To facilitate structural analyses of GLUT4, we set out to produce homogeneous and 
pure recombinant protein. Firstly, rat GLUT4 (that shows 95 % sequence identity 
with human GLUT4) was fused N terminally with a His-tag and expressed 
heterologously in Pichia pastoris, and the membranes were prepared and solubilized 
in detergent. To isolate GLUT4 from yeast membranes effectively, detergent 
screening was performed by solubilizing membranes in Fos-Choline-12, CYMAL-
6, LMNG, DM and DDM, with or without cholesteryl hemisuccinate tris salt (CHS). 
The efficiency of membrane solubilization was judged by western blotting, resulting 
in best solubilization properties of DM, in addition to Fos-Choline-12 (Fig. 15A). 
As Fos-Choline detergents may lead to destabilization of unfolding of membrane 
proteins79, DM was selected for membrane solubilization to extract GLUT4 and the 
solubilization condition was further optimized by varying detergent concentration, 
solubilization time and temperature (Fig. 15B). Finally, GLUT4 was extracted from 
yeast membrane by 2 % DM at room temperature for 1 h followed by purification 
applying affinity chromatography (Fig. 15C). The protein identity was confirmed 
by Coomassie-stained SDS-PAGE and liquid chromatography-mass spectrometry 
(LC-MS). Afterwards, the protein was further polished by size exclusion 
chromatography (SEC) (Fig. 15D). Unfortunately, purified GLUT4 did not show 
good homogeneity upon SEC, suggesting that the protein was partly aggregated 
(Fig. 15D). Still, the protein eluted at the volume of approximate 13 mL in SEC 
showed single-particle distribution in negative staining (Fig. 15E), which paves the 
way for future sample optimization for structural study by single particle cryo-EM. 
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Figure 15. Rat GLUT4 expression in Pichia pastoris and initial purification trial. (A) Detergent screening to isolate GLUT4 
from yeast membrane evaluated by western blotting stained with specific GLUT4 antibody. GLUT4 bands are marked 
by red arrow. (B) The optimization of membrane solubilizing condition via DM. The membrane solubilization was 
detected by western blot stained with specific GLUT4 antibody. GLUT4 bands are marked by red arrow. O/N, overnight; 
RT, room temperature. (C) GLUT4 was solubilized by DM and purified utilizing affinity chromatography. GLUT4 was 
identified by Coomassie stained SDS-PAGE and marked by red arrow. (D) GLUT4 sample from affinity chromatography 
was further purified by SEC (Superdex 200 increase 10/300 GL column). Different fractions from the peak labeled with 
short green and red lines, respectively, were detected by Coomassie stained SDS-PAGE. GLUT4 bands are marked 
by red arrow in SDS-PAGE. (E) Negative staining of GLUT4 protein. GLUT4 sample from figure D labeled with red line 
was stained with uranyl acetate and inspected by 200 kV TEM. The representative GLUT4 particles are highlighted by 
red arrow. The scale bar represents 200 nm. 

The docking model of ICHGLUT4 in complex with ASPL-C 
Global docking was performed for ICHGLUT4 and ASPL-C by constraining distance 
below 33 Å for each pair of identified crosslinking residues, generating five 
potential complex models. One of them was excluded as it sterically clashed with 
transmembrane domains of GLUT4. Remaining four models presented different 
binding modes with the ICH domain of GLUT4 being closed to either the UBX, the 
UBL2, or/and the N terminus of ASPL-C. Previously, UBL2 domain in TUG was 
suggested to be crucial to bind with GLUT4 in rodents1,59, and combined the data of 
protein interaction we described above, we suggest that GLUT4 can form complex 
with ASPL by using its ICH domain to bind with both UBL2 and UBX domains in 
ASPL. 

 



41 

 

Figure 16. Docking models of GLUT4 and ASPL. Four potential models (A-D) were generated from global docking. 
ASPL and GLUT4 were colored with same schemes as figure 8 and 14B, and interaction interfaces between GLUT4 
and ASPL were shown as surface, including ICHGLUT4 (green), UBL2 (purple blue), UBX (yellow) and N terminus of 
ASPL-C (magenta). 
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GLUT1 inhibitor (Paper III) 

Cancer cells have increased glucose demands to maintain their rapid growth and 
proliferation than normal tissue, known as the Warburg effect27,80. It has been 
discovered that a vast majority of cancers and isolated tumour cell lines overexpress 
GLUT family members to satisfy the increased glucose demand27,80,81. Due to wide 
distribution and physiological importance in human tissues, GLUT1 is becoming an 
effective indicator in oncology diagnosis and prognosis82, thereby GLUT1 inhibitors 
blocking the process of glycolysis and thus cell viability are being considered as a 
new promising cancer therapy22. In recent years, some small molecules have gained 
interest, such as STF31 and WZB117, however, their limited blocking ability to 
GLUT1 and controversial selectivity of inhibition has hindered further development 
into the clinic83,84. So far, the most promising candidate inhibitor is BAY-876 with 
high selectivity for GLUT1, instead of GLUT2/GLUT3/GLUT485. However, at 
present, there is no available data to confirm its inhibiting effect in vivo. With the 
disclosure of GLUT-structures, more inhibitors have been designed based on 
structures and computational simulations. A series of salicylketoxime derivatives 
(PGLs) were developed as GLUT1 inhibitors and presented effective inhibition of 
glucose uptake and antiproliferative effect in lung cancer cells86. In our study, a 
significant decrease in glucose uptake was shown for PGL13 and PGL14 in giant 
vesicle assay (Fig. 17A). Subsequently, docking models of PGL14 and GLUT1 
were generated, and the reliability of the models were assessed by molecule 
dynamic (MD) simulation. The overall analysis suggests that PGL14 may interact 
with the intracellular domain of GLUT1 in the partially occluded inward-facing 
conformation, in addition to binding to the central substrate site of GLUT1 in inward 
open conformation (Figs. 17B). Provided that GLUT1 shows the property of 
intrinsic tryptophan quenching upon ligand binding87,88, a tryptophan quenching 
assay of GLUT1 upon addition of PGL13 and PGL14 was performed. Clearly, the 
intensity of fluorescence decreased gradually upon increasing concentrations of 
PGLs, whereas a right shift in the emission spectra and an increase of fluorescence 
intensity were observed at very high inhibitor concentrations (Figs. 17C-D). This is 
interpreted because of PGLs binding at two sites, both transmembrane and 
intracellular domains, but with different affinities, based on the models generated 
from docking and MD simulation (Figs. 17B-D). Combined with the data of PGLs 
effect in cell biological assays, we conclude that the PGL series of compounds are 
promising for the development of potential sensitizers for chemotherapy in AML 
therapy (Paper III). 



44 

 

 

Figure 17. Inhibition of glucose uptake via GLUT1 by PGL compounds. (A) Inhibition of glucose uptake by inhibitors 
measured in giant vesicles. (B) Simulated models of PGL14 in complex with GLUT1. Complex 2 shows PGL14 binds 
at transmembrane domain of GLUT1, while complex 4 represents a model of PGL14 binding at intracellular domain in 
GLUT1. (C-D) Intrinsic tryptophan fluorescence quenching spectra of purified GLUT1 upon different concentrations of 
PGL-13 (C) and PGL-14 (D), with excitation wavelength at 295 nm (Adapted figure 1 in Paper III). 
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Structural characteristic of AQPs in 
human adipocytes 

AQPs are a family of integral membrane protein permeating water/glycerol and/or 
other small solutes (urea and arsenic trioxide) across cell membrane. AQPs are 
mainly classified into aquaporins (selective permeation to water) and 
aquaglyceroporins (transport glycerol as well as urea and arsenic trioxide). To date, 
all available structures of human AQPs have been determined by crystallography, 
including AQP189, AQP290, AQP491, AQP592, AQP736 and AQP1057.  

Common structural features of human AQPs 
AQPs are conserved structurally and adopt canonical AQP-fold consisting of six 
transmembrane helices (1-6) connected by five loops (A-E), two half helices (HX1 
and HX2) dipping into the membrane and creating a pseudo seventh helix, a 
conserved Asn-Pro-Ala (NPA) motif, an aromatic/arginine (ar/R) pore constriction 
region known as the selectivity filter and two cytoplasmic termini (Figs. 18A-B). 
The NPA motif in combination with the selective filter at the extracellular vestibule, 
leads to selective permeation for either water or other solutes, such as glycerol, but 
exclusion of ions and protons36,89,93. In addition, the non-transmembrane loops and 
cytoplasmic termini are suggested to be important for gating92,94, trafficking 
regulation4,95, tetrameric stabilization89 and interaction with other regulatory 
proteins4,63,64. AQPs favour to form tetramers (Fig. 18C), although each monomer 
functions independently as conducting channel for water or glycerol. However, the 
physiological function in details of the AQP-tetramer formation needs to be further 
clarified. In contrast to orthodox aquaporins, aquaglyceroporins are known to have 
wider and amphipathic selective filter, and thus selectively permeate glycerol across 
the membrane31,89. However, the residues comprising the selective filter are partly 
conserved among aquaglyceroporins (Fig. 18D), thus may result in their difference 
on the mechanism of selective permeation. Interestingly, AQP10 lack an aromatic 
residue at the selective filter, thereby presenting different selective property 
compared to AQP757. AQP7, on the other hand, features an unusual NPA motif 
consisting of NAA (Asn-Ala-Ala) and NPS (Asn-Pro-Ser), thus missing the proline-
proline stacking interaction of two half helices presented in nearly all AOPs36,96 (Fig. 
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18B). Additionally, AQP7 has extended cytoplasmic termini suggested to involved 
in the regulation of AQP7 translocation in adipocytes (Fig. 18D). 

 

 

Figure 18. Structural characteristic of AQPs. (A) Topological representation of AQPs. NPA motif is highlighted as cyan 
oval. (B) A monomer of AQP7 cryo-EM structure (Paper IV). The NPA motif is colored in cyan and selective filter is 
marked as wheat oval. (C) A tetramer of AQP7 cryo-EM structure (Paper IV). The model is shown as cylinder from 
intracellular view. (D) Sequence alignment of aquaglyceroporins. Residues involving in selective filter and NPA motif 
are marked by wheat and cyan triangles, respectively. 

Structurally determined human aquaglyceroporins 
The structure of AQP7 at resolution of 1.9 Å was determined by X-ray 
crystallography (PDB ID: 6QZI)36. A glycerol conducting mechanism was proposed 
by the analysis of AQP7 crystal structure, suggesting the glycerol passes through 
the channel in a manner of part rotation by altering H-bond network36. AQP10 
structural information (PDB ID: 6F7H) revealed by X-ray crystallography shows 
that AQP10 has wide selective filter and glycerol flux through the channel is 
regulated by a pH gate located at cytoplasmic side57. Although glycerol conducting 
mechanism was well elucidated from structures, both AQP7 and AQP10 lack 
termini and are affected by crystal packing. Still, two termini of AQP7 have been 
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suggested to be important for its trafficking in adipocytes4. Hence, to elucidate the 
structural properties of AQP7 in a non-crystallographic setting, as well as to reveal 
the structural information of full-length AQP7 with termini, AQP7 was subjected to 
the study of single particle cryo-EM (Paper IV). 

AQP7 cryo-EM structure adopting the formation of 
dimer of tetramers (Paper IV) 
To analyse the structure of full length AQP7 in a non-crystallographic setting, 
human AQP7 was expressed in Pichia pastoris and purified in GDN detergent 
before single particle cryo-EM data was collected and processed. The AQP7 
structure adopted the formation of dimer of tetramers and was resolved to 2.55 Å 
with D4 symmetry and 3.0 Å without applied symmetry (C1). The final maps 
presented a double-layer density corresponding to two AQP7 tetramers, with the 
dimensions of approximately 10 nm in height and 6 nm in diameter (Fig. 19A). 
Clearly, the two AQP7 tetramers interact with each other by the protruding 
extracellular loop C from all eight monomers, forming compact octamer (Fig. 19B). 
Moreover, the central pore is formed by four independent monomers along the 
central axis (Fig. 19A-B). 
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Figure 19. The overall structure of human AQP7 adopting dimer of tetramers determined by cryo-EM. (A) AQP7 cryo-
EM map without symmetry application (C1) at the resolution of 3.0 Å viewed from side (left) and top (right). The map is 
colored by zone, and central pore is represented as red circle. (B) The model side (left) and top (right) views of AQP7 
dimer of tetramers built from the map in figure A (Adapted from figures 1A-B in Paper IV). 

Unique extracellular loop C in AQP7 cryo-EM structure 
The human aquaglyceroporins, including AQP7, have an extended extracellular 
loop C between transmembrane domain 3 and 4 compared to the orthodox 
aquaporins (Figs. 20A and C). The opposing two tetramers in AQP7 cryo-EM 
structure pack each other by hydrophobic interactions of P151 and V152 in loop C 
within a distance of 4 Å, suggesting P151 and V152 are crucial for the formation of 
AQP7 dimer of tetramers (Fig. 20B). Although the loop C is a partly conserved 
structure among human aquaglyceroporins, P151 and V152 are not conserved, 
implying the dimer formation may be unique for AQP7 (Fig. 20C). 
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Figure 20. The loop C mediated stabilization of AQP7 dimer of tetramers. (A) Extracellular loop C shown as cartoon. 
(B) The model of AQP7 dimer of tetramers. The loop C in all monomers is shown as tubes. P151 and V152 are marked 
and the distance between them is shown in right zoom-in figures. (C) The sequence alignment of loop C among 
aquaglyceroporins (Adapted from figures 3A-C in Paper IV). 

The comparison between crystal and cryo-EM structures 
of AQP7 
The crystal structures reveal the details of proteins in the specific crystal packing; 
however, cryo-EM map is reconstructed from thousands of particles in different 
views. As the substrate is moving constantly in the channel, AQP7 cryo-EM 
structure may provide additional valuable information for the dynamic of glycerol. 
Thus, to illuminate the discrepancy of substrate in-between channels, HOLE 
analysis was performed for all eight chains (A-H) in cryo-EM structure as well as 
crystal structure, respectively. Clearly, glycerol density presents in all individual 
channels but in a varying degree, however, the density in proximity of NPA motif 
was well-defined in all eight channels, suggesting that glycerol interacts with NPA 
motif tightly (Fig. 21A). Additionally, rather different channel dimensions were 
discovered among different chains in cryo-EM structure, and all individual channels 
presented narrower ar/R filter than that of crystal structure (Fig. 21A). Accordingly, 
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aromatic rings of F74 and Y223 in chain A move 0.4 Å and 0.6 Å, respectively, as 
compared with those in crystal structure, thereby resulting in radius difference of 
approximate 0.22 Å at the position of ar/R filter between chain A and crystal 
structure (Figs. 21A-B). 

To further study the potential association between loop C and dimer formation of 
AQP7, the loop C of AQP7 crystal structure was aligned to the cryo-EM structure. 
In contrast to AQP7 crystal structure, P151 and V152 in cryo-EM structure show 
3.7 Å and 1.4 Å shift, respectively (Fig. 21C). Additionally, the central pore of 
AQP7 in cryo-EM structure formed by four monomers is wider than that of crystal 
structure, leading to the minor shift of tetramerization between structures (Fig. 
21D). The central pore in crystal structure is typically affected by crystal packing 
and four-fold symmetry, however, cryo-EM harbours advantages of that the protein 
is frozen rapidly in “near-native” state and not affected by crystal packing97, thus 
providing the possibility for the study of central pore. 

 

 

Figure 21. The structural alignment between AQP7 crystal structure (PDB ID:6QZI) and cryo-EM structure. (A) HOLE 
analysis for all individual channels in cryo-EM structure and crystal structure. (B) The alignment between chain A (blue) 
in cryo-EM structure and crystal structure (magenta). The residues at position of ar/R and NPA motif are shown as 
sticks, and the movement of F74 and Y223 between two structures are measured and shown. (C) The extracellular loop 
C in AQP7 crystal structure aligned with AQP7 cryo-EM structure. P151 and V152 represented by sticks show significant 
shift between two structures, and the distances were labeled by yellow dash line by measuring the shift of atom CG in 
P151 and CG1 in V152, respectively. (D) The tetrameric packing formed by AQP7 monomers (cyan, PDB ID:6QZI) was 
aligned with tetramer in AQP7 cryo-EM structure (green). TM2 in both structures relevant with the formation of central 
pore were marked and connected by heavy and light red line, respectively, to highlight the shift of tetramerization 
(Adapted from figures in Paper IV). 
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AQPs central pore and relevant substrate diffusion 
It is well known that each monomer of AQPs can function as an independent water 
or glycerol channel, however AQPs usually adopt the tetrameric configuration, thus 
facilitating the formation of central pore by four monomers. The potential function 
of the central pore is still debated. Firstly, human AQP1 was reported to have the 
capability of cation conduction through central pore activated by binding with 
cGMP and a series of conformational changes of loop D98-101. Also, it was proposed 
that the central pore of AQP1 is a possible pathway for small, neutral gas molecules, 
such as CO2 and O2102. Additionally, a lipid was observed in the central pore of 
human AQP5, and thus occluding the pore and preventing the passage of other 
molecules, such as ions or gases100. Interestingly, similar scenario was also found in 
AQPZ101. Herein, AQP7 structure was resolved by cryo-EM, not affected by crystal 
packing and pseudo central axis, and thus relevant for detailed structural analyses 
of central pore. Interestingly, well defined densities are observed in the central pore 
of each AQP7 tetramer, confined by four leucines at the intra- and extracellular 
sides, named as leucine filters (Fig. 22A). Both densities display the dimension 
accommodating one or two glycerols and two water molecules (Fig. 22A) but are 
too small to accommodate the lipid that was fitted in the central pore of AQP5103. 
Although the central pore of AQP7 is lined by hydrophobic residues, in a similar 
manner as in AQP5103, the cavity restricted by leucine filters is positively charged 
(Fig. 22B). Thus, small intermediate metabolites involved in glucose, lipid, and 
cholesterol metabolism in human adipocytes, such as glycerol-3-phosphate (Gro3P) 
and isopentenyl pyrophosphate (IPP)104 and their derivatives, DHAP, G3P and 
dimethylallyl pyrophosphate (DMAPP) are considered as possible ligands (Fig. 
22C), all showing good fitting with the densities (Fig. 22D). Hence, it is reasonable 
to speculate that AQP7 dimer of tetramers facilitates intercellular diffusion of small 
metabolic products through the central pore by forming gap junctions between cells 
in human adipose tissue. However, this needs to be further confirmed by 
experimental data. 

 



52 

 

Figure 22. The central pore of human AQP7 cryo-EM structure. (A) HOLE analysis and leucine filters of central pore. 
Hole of central pore and pore lining residues are shown as dots and sticks, respectively, while cryo-EM density in central 
pore is represented by magenta mesh. Glycerol, imidazole and water molecules, components in the sample buffer, are 
fitted into densities. (C) Chemical structures of potential ligands in central pore. (D) The density in central pore of lower 
half tetramer fitted with possible ligands. The distance between oxygen atom of water and IPP/DMAPP is measured 
(Paper IV). 
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Gap junction relevant AQPs 

AQP0 is a water channel abundantly expressed in lens fibre cells, and particularly 
located in the thin junctions featuring orthogonal arrays105. AQP0 has been shown 
to form double-layered 2D crystals and suggested to be physiologically relevant 
with thin junctions between fibre cells, thus AQP0 may serve as an adhesion 
molecule between cells apart from functioning as a water channel106. Analogously, 
AQP4, a major water channel in brain, has also been shown to form orthogonal 
arrays in vivo as well as in 2D crystals, implying that AQP4 also functions 
physiologically as cell adhesion molecule107. Two AQP0 tetramers associate with 
each other in the crystal packing via loop A and loop C in the straight manner, and 
the rearrangement of loop A mediated by termini proteolytic cleavage is crucial for 
AQP0 junction formation106,108 (Fig. 23A). AQP4 tetramer instead interacts with 
four tetramers in the opposite layer in the crystal packing by the extracellular C 
loops (Fig. 23B). In contrast to both AQP0 and AQP4, AQP7 adopts the formation 
of octamer in a twisted stacked manner with two tetramers interacting with each 
other by the protruding loop C through residues P151 and V152 from all eight 
monomers (Figs. 23C and 20B). The whole octamer of AQP7 displays a height of 
10 nm in which extracellular region between two tetramers is around 3.3 nm, 
compared to 2.5nm and 2.2nm for AQP0 and AQP4, respectively (Figs. 23A-B and 
19A). Thereby, it is proposed reasonably that AQP7 dimer of tetramers, in analogy 
to AQP0 and AQP4 may serve as a gap junction and/or adhesion molecule between 
adjacent cell membranes. 
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Figure 23. Gap junction forming AQPs. The crystal packing form of (A) AQP0 (PDB ID: 2B6O) and (B) AQP4 (PDB ID: 
2D57). (C) The arrangement of two tetramers in a twisted manner with a rotation of approximate 11° around z axis. The 
left figure is a simplified diagram illustrating the twisted form of two tetramer, in which letters A-H represent eight subunits 
in octamer. All figures are referred from paper IV. 
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Summary 

The adipose tissue primarily comprising of adipocytes (storage of energy as TAG) 
is a central metabolic organ for carbohydrates and lipids to maintain the overall 
energy homeostasis in the human body. Glucose transported into the cells from 
blood circulation via GLUTs upon insulin stimulation, is the starting substrate for 
glycolysis and subsequent lipogenesis. Gro3P synthesized from glycolysis is on the 
crossroad connecting glucose and lipid metabolism and serves as a necessary 
substrate for lipogenesis. The TAG is hydrolysed into fatty acid and glycerol efflux 
from adipocytes via AQPs when the hydrolysis is induced upon adrenergic 
stimulation after fasting or exercising. Thereby, glucose transport and glycerol 
efflux play a detrimental role in maintaining metabolic balance in human 
adipocytes, and their dysfunctions are tightly associated with type II diabetes, 
obesity, and hyperglycaemia. 

Human primary adipocytes are unilocular cells with a single lipid droplet taking up 
most of cell space and squeezing the nucleus to the periphery of cell and the 
cytoplasm becomes a thin rim. Thus, confocal microscopy is not optimal to study 
adipocytes ultrastructure and detailed subcellular localization of proteins. Instead, 
TEM combined with immunogold labelling technique displays better visualization 
for cell structure and protein localization in adipocytes (Paper I). 

GLUTs are a family of membrane proteins facilitating hexose transport down 
concentration gradient. The transcriptome sequencing analysis presents that 
GLUT1, GLUT3, GLUT4 and GLUT5 are expressed significantly at mRNA level 
in adipocytes. Unlike other GLUTs, GLUT4 is expressed exclusively in adipocytes 
and muscles cells. Moreover, it is well known that GLUT4 translocate from 
cytoplasmic compartments to plasma membrane upon insulin signal, a process 
known as GLUT4 trafficking. In rodents, TUG serves as a tether by forming 
complex with GLUT4. Upon insulin stimulation, TUG is cleaved 
endoproteolytically and thus releasing GLUT4 and facilitating the trafficking of 
GLUT4 to cell membrane to mediate glucose uptake. ASPL is the homologue of 
TUG in human, and in the study, ASPL is shown to interact with GLUT4 by binding 
to its intracellular helical bundle via C-terminal UBX domain and potentially 
regulate GLUT4 trafficking in the similar manner as in rodents (Paper I).  

AQPs are membrane channels mainly mediating the flux of water and glycerol 
through cell plasma membrane. Aquaglyceroporin 7 (AQP7) is a glycerol channel 
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abundantly expressed in adipose tissue and it facilitates glycerol efflux from the 
cytoplasm. PLIN1 is the binding partner of AQP7 on the surface of lipid droplet and 
a regulator for lipolysis by releasing AQP7 upon catecholamine activated 
phosphorylation. In paper II, we found by transcriptome sequencing and RT-PCR 
that AQP1, AQP3, AQP7 and AQP9 genes are expressed in the human primary 
adipose tissue, and that AQP7 shows significantly higher expression level. 
Furthermore, we show by BN-PAGE that the C-terminus of PLIN1 is binding with 
AQP7. Additionally, we also discovered that AQP3 binds with PLIN1 in addition 
to AQP7, implying that AQP3 and AQP7 partly have redundant role in human 
adipocytes during lipolysis. 

To understand the detailed function of GLUT4 we aimed to determine the structure 
of GLUT4, and thus rat GLUT4 was expressed heterologously in Pichia pastoris, 
and the detergents screening indicated that DM is the optimal detergent for GLUT4 
solubilization from yeast membrane. GLUT4 was purified by affinity 
chromatography followed with SEC, and purified protein presented single particle 
distribution in negative staining. Moreover, putative docking models were generated 
by imposing distance constraints below 33 Å for each pair of crosslinking sites, 
suggesting GLUT4 forms complex with ASPL by utilizing its ICH domain to bind 
with both UBL2 and UBX domains in ASPL (Paper I). 

Cancer cells show high energy demand and increased glucose metabolism compared 
to normal cells, known as Warburg effect. Thus, GLUTs are potential drug targets 
for treatment of cancers. In paper III, we studied the inhibiting mechanism of 
PGL13 and PGL14 on GLUT1 from the structural level by applying of MD 
simulation in combination with intrinsic tryptophan quenching. The data suggested 
that PGL13 and PGL14, as novel GLUT1 inhibitors, likely block glucose uptake by 
binding both sites of transmembrane and intracellular domains, and thus sensitizing 
acute myeloid leukemia (AML) to chemotherapy.  

In paper IV, AQP7 structure was determined at 2.55 Å resolution by cryo-EM 
adopting a dimer of tetramers. The two tetramers dimerize by hydrophobic 
interactions imposed by P151 and V152 located at protruding extracellular loop C 
with a rotation of approximate 11° along the central axis between the tetramers. As 
the AQP7 cryo-EM structure is not affected by crystal packing, the central pore in 
cryo-EM structure was investigated and shown to be wider than that of crystal 
structure. The central pore formed by four monomers is restricted by two leucine 
filters located at the intra- and extracellular sides, respectively. Interestingly, well-
defined densities are identified in the two central pores, compatible with small 
metabolites in glucose, lipid, and cholesterol metabolism, such as Gro3P, DHAP, 
G3P, IPP and DMAPP. Thus, we speculate that the identified AQP7 dimer of 
tetramers may serve as gap junctions to facilitate metabolite diffusion through the 
central pore between cells in human adipose tissue, although this still require further 
experimental validation. 



57 

Concluding remarks and future 
perspectives 

In this study, we are dedicated to investigating glucose and glycerol transport in 
human adipocytes from structural perspectives, specifically on the study of mRNA 
expression level of GLUTs and AQPs, protein interactions between GLUT4 and 
ASPL (PLIN1 and AQP7/3), GLUT4 expression and purification towards the 
structural study, docking model of ICHGLUT4 and ASPL-C, GLUT1 inhibitor and 
structural determination of AQP7 by single particle cryo-EM. 

Multiple approaches were applied in our study (Paper I) and suggested that GLUT4 
binds ASPL-C by its ICH domain, and potential docking models were generated for 
the interacted domains between GLUT4 and ASPL, showing both UBL2 and UBX 
domains in ASPL may involve in the interaction with GLUT4. To confirm this 
further, site-directed mutagenesis for the crucial residues followed by binding assay 
to evaluate the rationality of docking model can be performed. Interestingly, both 
GLUT4 and ASPL were suggested to be localized in cytoplasm of adipocytes in the 
basal state. To investigate whether they interact ex vivo in adipocytes and how ASPL 
regulates GLUT4 trafficking upon insulin stimulation, further investigations are 
needed.  

Elucidating the structure of GLUT4 is important to understand the mechanism of 
GLUT4 trafficking and glucose uptake in adipocytes. Rat GLUT4 was expressed in 
yeast successfully and initial detergent screening was performed for membrane 
solubilization. Purified protein showed single particle distribution in negative 
staining, even though it was not homogeneous in the SEC, which suggests that cryo-
EM might be a promising approach to resolve GLUT4 structure. GLUT4 is a protein 
in the molecular weight of 54 kDa approximately, which is still a bottleneck size for 
the structural determination by cryo-EM, particularly, other GLUTs show 
featureless structure on both intra- and extracellular sides. However, this could be 
circumvented by preparing GLUT4 in complex with ASPL, leading to increased 
particle size and likely improved distribution and orientation of particles on the grid. 

The genes of AQP7, AQP3 and AQP9 showed significant expression in human 
adipocytes. It was reported previously that the glycerol hinders rapid water flux 
through AQP736, suggesting a specific water channel may exist on the membrane of 
adipocytes to maintain osmotic homeostasis. This agrees with our transcriptome 
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sequencing and RT-PCR data where AQP1 was expressed at significant level. AQP7 
is most abundantly expressed glycerol channel in adipocytes, and AQP7 was 
suggested to bind to PLIN1 on the surface of lipid droplet in basal state. Here we 
found that hydrophilic C-terminus of PLIN1 (PLIN1-C) is important for the binding 
to AQP7. Moreover, PLIN1 regulates lipolysis by controlling the access of HSL and 
ATGL to the lipid droplet3,5,73, however, structural information of PLIN1 has not 
been revealed yet, likely due to its hydrophobic nature. Thus, deciphering the 
complex structure of AQP7 and PLIN1 (or PLIN1-C) would provide insights on the 
regulation mechanism of AQP7 translocation and lipolysis.  

In addition to AQP7, AQP3 was also suggested to form complex with PLIN1-C. 
AQP3 is indicated as a glycerol channel and probably also facilitates glycerol efflux 
from adipocyte51, however, the function of AQP3 in details in adipocytes remains 
unclear. Hence, it would be valuable to elucidate AQP3 glycerol conducting 
mechanism at structural level.  

AQP7 structure was determined at the resolution of 2.55 Å by single particle cryo-
EM, showing that AQP7 can form a dimer of tetramers with the height of 
approximate 10 nm. It has previously been suggested that AQP7 is expressed in the 
capillary endothelial cells in white adipose tissue38, in addition to adipocytes. 
Thereby, it’s reasonable to speculate that AQP7 may serve as gap junction or 
adhesion molecule by forming dimer of tetramers between adjoining two adipocytes 
or one adipocyte and the neighbouring endothelial cell. This can be identified by 
immunogold labelling of AQP7 in adipose tissue in future work. Moreover, well-
defined densities were discovered in the central pore, showing good fitting with 
small intermediate metabolites involved in glucose and lipid metabolism. This 
suggests that AQP7 may facilitate the diffusion of small metabolites through central 
pore between adjacent two cells. Gro3P is a potential molecule diffusing in-between 
cells through central pore of AQP7, as no specific Gro3P has been identified in 
humans109. Gas chromatography mass spectrometry (GC-MS) is being performed to 
reveal the identity of the ligands in central pore. In addition, transporting assays and 
MD simulation can also be applied to elucidate the diffusion mechanism of the 
ligand through central pore. 

Providing that AQPs are involved in many important physiological and 
pathophysiological processes and its expression levels correlate with tumors 
development110, they are potential therapeutic targets for cancer therapy. Mouse 
models of AQP3 knockout or knockdown showed suppression of skin tumorigenesis 
and tumour growth in non-small cell lung cancer and migration of breast cancer 
cells111-113. Additionally, AQP7 was also suggested to be a crucial regulator for the 
metabolism and signal response of breast cancer cells114. Furthermore, glycerol 
metabolism mediated primarily by AQP7 as well as AQP3 is associated tightly with 
the metabolism of lipid and carbohydrates, thus playing an important role on the 
regulation of glucose homeostasis, insulin sensitivity and fat accumulation in 
adipocytes115. Thereby, the study of inhibitors of AQP3 and AQP7 from structural 
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perspective could provide evidence and support for the development of AQP3 and 
AQP7 as therapeutic targets in cancers and metabolic diseases. In contrast to X-ray 
crystallography, single particle cryo-EM presents advantages of crystal-free; quick 
process of sample preparation, maintaining sample in “native” and even multiple 
conformational states, and high reproducibility. Thus, cryo-EM may be become a 
promising technique employed in the structural study of inhibitors in complex with 
AQP3/AQP7. 
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Methodology 

My work in the thesis mainly focuses on the studies of PPI by the combination of 
biochemical and biophysical approaches, subcellular localization of proteins of 
interest applying microscopical techniques and structural determination of 
membrane protein (AQP7) using cryo-EM. However, the production of good-
quality recombinant proteins is the prerequisite for the study of PPI in vitro and 
structural determination of proteins. Herein, different expression systems for 
recombinant proteins are introduced, and methods applied in the study of PPI are 
compared, electron microscopical techniques utilized in the work, including 
immunogold labelling, negative staining TEM and single particle cryo-EM are 
described briefly. 

Expression systems of recombinant proteins 
The production of recombinant proteins is starting point for most biochemical and 
biophysical analyses of proteins. The expression systems commonly used include 
prokaryotic and eukaryotic hosts, such as bacteria, yeast, insect cells and 
mammalian cells. All these systems have advantages and disadvantages; thus, the 
best choice might be the one that fits the target protein best. 

The bacterial expression host, usually E.coli, is widely used for heterologous 
production of proteins. It has advantages of simple operation, low cost, high yield 
and well-characterized biochemistry and genetics116. Thereby, in this work, almost 
all soluble proteins, e.g., ASPL, ASPL-C, Trx (Thioredoxin), Trx-ICHGLUT4, 
PLIN1-C were expressed in E.coli, and showed satisfactory quality and yield for 
downstream purification. However, the proteins expressed in this host lack some 
post-transcriptional modification (PTM) observed in eukaryotes, and thus human 
proteins are prone to aggregate. The solubility of the expressed protein may be 
improved by the addition of fusion tag or the co-expression with molecular 
chaperones117. Herein, both ASPL and ASPL-C were tagged with GST (glutathione-
S-transferase) while ICHGLUT4 were fused with Trx, and as a result they showed 
good solubility in the expression.  

Yeast is a common eukaryotic host for protein expression. Yeast is growing rapidly 
and adaptable to the process of fermentation, enabling to achieve high cell density 



62 

and protein yield. In contrast to E.coli, yeast can modify the protein with PTM, 
although N- and O-linked glycosylation patterns produced in yeast may be different 
with those in higher eukaryotes. P. pastoris and S. cerevisiae are two yeast 
expression hosts commonly used for protein production, specifically for structural 
study of integral membrane proteins118. However, compared with S. cerevisiae, P. 
pastoris showed higher yield of protein and less glycosylations for 
glycoproteins119,120. Moreover recombinant proteins expressed in S. cerevisiae may 
undergo proteolytic cleavage associated ubiquitin-proteosome system121. On the 
other hand, S. cerevisiae presents the advantages of using cytoplasmic expression 
vector in no need of fusion with genome and convenient selection for positive 
transformants as compared to P. pastoris122. In our study, human AQP7 and rat 
GLUT4 were expressed in P. pastoris and further purified before structural studies. 
Of note is that 3D-structures of membrane proteins in families of GLUTs and AQPs 
including human AQP290, human AQP592, human AQP1057, human GLUT1123 and 
rat/bovine GLUT578 were determined by using protein samples expressed in yeast. 

In contrast to E.coli and yeast expression systems, baculovirus-infected insect cells 
and mammalian cells are capable to perform PTMs of target proteins, similar to 
higher eukaryotes124. The insect cell expression system has been the prevailing 
system for heterologous production of eukaryotic membrane proteins and can 
facilitate correct folding of proteins and formation of tertiary and quaternary 
structure120,125. An advantage of mammalian expression host which insect cells lacks 
is that they can be utilized to produce complex glycoproteins and recombinant 
proteins for human therapy120. However, both insect cells and mammalian 
expression system show drawbacks likely limiting their wide use in practice, such 
as slow cell growth, limitation of culture equipment, high costs and time-consuming 
and laborious production, and sometimes low protein yields120. 

Protein and protein interaction (PPI) 
Here, antibody-based biochemical and biophysical methods utilized for the study of 
PPI (GLUT4 and ASPL, AQP7 and PLIN1) in my work are introduced and 
compared. Although most of approaches show advantages and disadvantages, they 
can be applied in a combined and complementary manner, providing insight on the 
choice of methods in the future PPI study. 

Antibody-based biochemical methods 
In the study, pull-down assay, far dot western blot and BN (blue native) -PAGE 
were applied to investigate the protein interaction between GLUT4 and 
ASPL/AQPs and PLIN1. Pull-down assay is a conventional and widely used 
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approach in the study of proteins interactions in which the interaction is identified 
by antigen-antibody reaction. Similarly, far dot western blot detects proteins 
interaction by antibodies against the protein of interest and shows the benefit of 
maintaining proteins in their native three-dimensional structure. Specifically, the 
technique allows multiple bait proteins to be immobilized on nitrocellulose 
membrane upon the incubation of a prey protein, thereby being commonly used for 
rapid screening of potential protein and protein interactions126. Both pull-down 
assay and far dot western blot have the capability to detect the interaction between 
the protein of interest with possible binding partner in cells by applying the cell 
lysate. In our study, the interaction between purified ASPL and GLUT4 expressed 
in yeast was identified by pull down (Paper I) while the binding of pure PLIN1-C 
and AQP7/3 solubilized in yeast lysate was detected via far dot western blot (Paper 
II). By contrast, BN-PAGE amenable to antibody examination is preferred to be 
utilized in the analysis of the complex formation by monitoring the mass shift on 
the gel without breaking their native conformation. Also, it can provide information 
for possible stoichiometry within protein complex by applying different ratios of 
interest of proteins onto the gel127. Herein, the complex formation of AQP7 and 
PLIN1-C was confirmed by BN-PAGE, and it was suggested that one AQP7 may 
bind more than one molecule of PLIN1-C (Paper II). 

Biophysical methods 
One drawback with biochemical approaches based on antigen-antibody reactions 
for PPI is that it may fail to detect weak and transient proteins interactions. Another 
drawback is that it is prone to produce unspecific binding, thus leading to false 
positives. Thereby, biophysical techniques, such as isothermal titration calorimetry 
(ITC), nuclear magnetic resonance (NMR), surface plasmon resonance (SPR) 
microscale thermophoresis (MST) and mass spectrometry (MS) etc., are being 
employed instead, or serving as complementary tools to biochemical methods. Most 
of them are optical approaches recording certain physical phenomenon and 
converting them into data signal from which the affinity of interaction can be 
calculated, and thus showing good sensitivity for weak interactions and data 
reproducibility128. Herein, we applied SPR and crosslinking mass spectrometry 
(XL-MS) to confirm the interaction between ICHGLUT4 and ASPL-C and identified 
crucial residues locating at the interface of proteins interaction. In contrast to other 
biophysical approaches, SPR is label-free and real-time monitoring, and needs low 
amount of sample for the determination of both association and disassociation rate 
constants, while XL-MS allows to identify the proximal structural fragments 
between interacting proteins, and crosslinked residues pairs identified by MS 
provide geometric restriction for molecular docking129. 
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Electron microscopical techniques used in the study 
TEM has been widely applied for the high-resolution visualization of tissue/cell and 
biological macromolecules. Here, we apply TEM combined immunogold labelling 
to visualize human adipose tissue and carry out the study of subcellular localization 
of GLUT4 and ASPL in adipocytes. In addition, negative staining TEM was utilized 
to perform pre-analysis of AQP7 particles before cryo-EM. Single particle cryo-EM 
was compared with X-ray crystallography and introduced from workflow to sample 
preparation by taking AQP7 as an example. 

Immunogold labelling 
Immunogold labelling is a negative staining technique of biological tissues and cells 
combined with TEM, including two modes, pre-embedding, and post-embedding. 
Herein, we utilized the approach of post-embedding immunogold labelling to 
identify proteins of interest in human adipose tissue by performing 
immunocytochemical procedures after tissue embedding, as post-embedding mode 
is more likely to keep the structural intactness of tissues and cells130. In principle, 
colloidal gold particles are conjugated with secondary antibodies to be bound onto 
primary antibodies against interest of molecules, and thus the position of gold 
particles represent the potential subcellular localization of proteins. The size of gold 
particles is optional ranging from 5 nm to 40 nm depending on the experimental 
requirements, and thus multiple antigens can be labelled by utilizing gold particles 
with different size. Moreover, gold particles are eligible to scatter more electrons, 
thereby producing strong contrast. Although colloidal gold particles are commonly 
used as markers in the technique of immunogold labelling, there are some other 
types of electron-dense antibody conjugates available, such as uranium131, 
ferritin132, and iron-dextran etc133. However, a drawback is that the location of the 
gold particles may not represent the accurate subcellular localization of proteins, as 
the gold particle is 15-30 nm away from the antigen, determined by the length of 
antibody134. Importantly, if the precise localization of the proteins of interest are 
studied, quantitative analysis is necessary130. 

Negative staining TEM 
Negative staining is a widely utilized technique to prepare biological specimens to 
image by TEM (Fig. 24A). Herein, we applied this technique to visualize purified 
membrane proteins (GLUT4 and AQP7) (Figs. 15E and 24B), providing 
information important for further single particle cryo-EM grid preparation. Shortly, 
biological specimens are embedded in the stain of heavy metal salt, e.g., uranium 
(U), vanadium (V), tungsten (W), gold (Au), lead (Pb) and osmium (Os), etc., 
scattering electrons more strongly than those elements comprising biological 
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molecules (i.e., C, H, O, N, P, S) to increase the contrast between the stain and the 
samples135 (Fig. 24A). Negative staining is an effective tool for rapid assessment on 
morphology, distribution, and homogeneity of protein of interest before applying 
cryo-EM or optimization of cryo-grid conditions136. Moreover, with the 
development of computational software, the images of negatively stained samples 
can be classified and reconstituted, however, due to preferred orientation of protein 
particles and crystals formed by heavy metals in the solution of negative staining, 
the resolution of reconstituted map is limited to approximately 20 Å137, so far. In 
our study, AQP7 was negatively stained by uranyl acetate and visualized via TEM 
presenting homogeneous and even single particles of approximately 10 nm on the 
grid, laying the foundation for further cryo-EM study for AQP7 (Fig. 24B). 

 

 

Figure 24. Negative staining TEM. (A) Schematic representation of negative staining. (B) Negative staining image of 
AQP7 solubilized in digitonin. 

Single particle cryo-EM 
During recent years, single particle cryo-EM has revolutionized three-dimensional 
(3D) structural determination of biological macromolecules. This is attributed to the 
breakthroughs of hardware and software of cryo-EM, in combination with improved 
molecular biological techniques resulting in models at the near-atomic resolution to 
be determined from reconstituted 3D map138. 

Herein, we determined the structure of human AQP7 by single particle cryo-EM. 
The starting point of cryo-EM workflow (Fig. 25) is the preparation and 
optimization of protein samples suitable for cryo-EM. Cryo-EM samples of AQP7 
was prepared and optimized either in the detergent digitonin/glyco-diosgenin 
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(GDN), or by reconstituting AQP7 into amphipol/nanodisc before the sample was 
further polished by size exclusion chromatography (SEC). Negative staining TEM 
was used for the initial evaluation of sample quality and particles distribution on the 
grid, but this step is optional. The optimized protein sample was applied onto grid 
coated with a thin film (e.g., carbon and graphene), and vitrified by submerging the 
grid into a cryogen (liquid ethane is usually used) by which the sample was 
suspended in a thin layer of vitreous ice, the process known as plunge freezing139. 
Here, the optimization on the grid type, freezing condition, sample amount and 
concentration and buffer composition, and blotting force and time, etc., is necessary 
to obtain a good enough grid with even particles distribution and appropriate ice 
thickness and contrast for data collection. Images were collected by 300 kV cryo-
electron microscopy (Titan Krios), followed by computational processing via 
cryoSPARC140, although some other programs used for data process of cryo-EM are 
available141. In the data process, the images were corrected upon beam-induced 
motion and contrast transfer function (CTF)140 before target particles were selected 
and extracted. Subsequently, these particles were aligned, and particles with similar 
features were classified, termed as 2D classification. Typically, 2D classification 
can be run for multiple cycles to exclude more “junk” particles. Subsequently, 
particles with well-resolved features were reconstructed into initial 3D map which 
will be further refined until high resolution map was generated. Finally, the model 
was built from cryo-EM map and refined to get accurate structural information. 
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Figure 25. Workflow of single particle cryo-EM. 

X-ray crystallography in comparison with single particle cryo-EM 
Although cryo-EM is booming, X-ray crystallography still represents one of 
mainstream techniques in the structural biology and is capable to resolve protein 
structures at atomic resolution. X-ray crystallography is applied for the structural 
determination of soluble proteins, membrane proteins as well as protein complexes, 
and is not limited by molecular mass of targets to be crystallized, which is, in 
contrast to cryo-EM that has higher size-limit (Table 3). Moreover, a significant 
advantage of X-ray crystallography is that it is prone to generate high-resolution and 
precise structural information, as the crystals are packed orderly in the lattices, thus 
restricting their motions142. However, a prerequisite for crystallography is to get a 
well-ordered crystal before the diffraction can be collected, which is not needed in 
cryo-EM. Although many types of protein can be crystallized, getting a well-
diffracted crystal needs thorough optimization, such as protein concentration, 
homogeneity, post-translational modification, and buffer composition, temperature 
etc. Unlike crystallography, the molecules in cryo-EM are not constrained by crystal 
packing, hence the conformations captured by cryo-EM is more likely to be in their 
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“near-native” states97. On the other hand, the flexibility of molecules and 
heterogeneity of samples might compromise the final resolution of 3D map 
computed by cryo-EM, still it may generate a benefit since more conformations of 
the proteins could be recorded. This provides the possibility to elucidate the working 
mechanism of proteins functioning through conformational switches by less effort 
than crystallography. Typically, X-ray crystallography and cryo-EM can be 
complementary to decipher structural information of biological molecules 
depending on the demand of users97,143. 

Table 3. The comparation of X-ray crystallography and single particle cryo-EM. 
X-ray crystallography Single particle cryo-EM 

• No size requirement for samples • No strict limitation for sample size, good for 
biological macromolecules and protein 
complexes, but additional strategies are 
required when molecular weight is smaller 
than 50 kDa144 

• Sample consuming • Significantly lower sample consumption 

• Well-ordered and -diffracted crystal is 
required 

• Sample in solution 

• Crystal packing may distort protein 
structure 

• The sample is plunge frozen in “near-
native” state 

• Flexible and nonhomogeneous samples 
are hard to get well-diffracted crystals 

• No strict requirements for sample flexibility 
and homogeneity 

• Reach atomic resolution • Reach near-atomic resolution 

• Resolve precise atomic coordinates, and 
resolution ultimately depends on the 
degree of order in crystal packing 

• The resolution is calculated in different way 
from X-ray crystallography97 

• Static conformation is captured from crystal 
diffraction 

• Multiple conformational states can be 
resolved from heterogeneous data 

 

Cryo-EM sample preparation of membrane protein: detergent, polymer and 
nanodisc 
Traditionally, membrane proteins are extracted from membranes and solubilized in 
detergents above their critical micelle concentration (CMC). Detergents are 
amphipathic molecules that solubilize membrane proteins in water solution by 
forming micelles embedding transmembrane domains of the proteins (Fig. 26A). 
However, an excess of detergents in cryo-EM samples may negatively affect the 
surface tension of grids, ice thickness and background of images145. Thereby, 
detergents with small CMC are preferred to be applied in the study of cryo-EM, 
such as dodecyl-β-D-maltopyranoside (DDM) and maltose-neopentyl glycols 
(MNGs), digitonin and its substitute GDN, etc. Another disadvantage utilizing 
detergents in sample preparation of membrane proteins, is that they could displace 
native-binding lipid from the protein and interfere hydrophobic interaction in-
between helices, thus destabilizing the membrane protein146. Similar as detergents, 
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amphipols are a series of amphipathic polymers and stabilize membrane proteins in 
aqueous solution by forming well-defined and small globular particles around 
hydrophobic domains (Fig. 26B). In contrast to detergents, amphipols has higher 
affinity for transmembrane domains even in low concentration and hence free 
amphipols rarely exist in the solution147,148. Additionally, amphipols show the 
capability of stabilizing membrane proteins better than detergent micelles149,150, and 
assisting membrane protein folding to their native form151. The amphipol A8-35 is 
one of most used amphipols for cryo-EM. Another alternative is nanodiscs which 
constitute of lipids and two encircling amphipathic membrane scaffold proteins 
(MSP), thus stabilizing membrane proteins in a detergent-free membrane 
resembling environment (Fig. 26C). In addition, the nanodisc has been suggested to 
stabilize conformations of membrane proteins which are less well resolved in 
detergent and amphipol samples145. However, in practical, obtaining a type of MSP 
with appropriate diameter and an optimal lipid-MSP-protein ratio may be 
challenging, but necessary for sample stability and high-resolution structural 
determination. In contrast to lipid nanodiscs, amphipol can be used to substitute 
detergent for the protein extraction from membrane148, however, solubilizing 
membrane protein in detergent is still a prerequisite for nanodisc sample 
preparation.  

During the long-term endeavour to resolving the cryo-EM structure of AQP7, we 
have tried to solubilize and stabilize AQP7 in GDN, amphipol A8-35 and nanodiscs, 
to retrieve stable, homogeneous protein sample, and prepare grids with well-
distributed particles and acceptable ice thickness and signal-noise-ratio. AQP7 was 
stable and homogeneous in each of them (Fig. 26), but it showed different 
oligomeric states in GDN, amphipol A8-35 and nanodisc. Specifically, AQP7 did 
not form dimer of tetramers in amphipol and nanodisc (Fig. 26B-C). In addition, 
protein particles stabilized by amphipol and nanodisc showed preferred orientation 
resulting in missing views (Fig. 26B-C), which imposed negative effect on 3D 
reconstruction. Finally, AQP7 structure adopting the formation of dimer of tetramer 
was resolved in GDN detergent (Figs. 26A and 19). As described above, amphipol 
and nanodisc may improve the stability of membrane proteins, but such that the 
flexibility of proteins can be constrained, thus likely causing the issue of preferred 
orientation and the absence of important conformational states in our case. 
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Figure 26. AQP7 cryo-EM sample preparation in GDN, amphipol A8-35 and nanodisc. (A) Schematic representation for 
detergent micelle, amphipol and nanodisc embedding membrane protein colored in magenta. (B) SEC profiles of AQP7 
purification in GDN, amphipol A8-35 and nanodisc (from left to right). The red line represents the fraction used for grid 
preparation and data collection. (C) 2D classification images for protein particles stabilized by GDN, amphipol A8-35 
and nanodisc (from left to right). 
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